Direct addition of different free fatty acids together with appropriate cofactors to detergent-ruptured chloroplasts results in fatty acid labeling of monogalactosyl diacylglycerol. During subsequent incubation these lipid-linked fatty acids are desaturated, i.e. 18:1 to 18:2 and 18:3 and to a small extent also 16:0 to 16:3. The formation of 18:2 was also observed after incorporation of 18:1 into sulfolipid and phosphatidyl choline. Density gradient centrifugation separated a membrane fraction from detergentruptured chloroplasts which in the presence of appropriate cofactors incorporated 18:1 and 18:2 into the above-mentioned lipids. In the light, desaturation was dependent on added ferredoxin, whereas in the dark, in addition to ferredoxin NAD(P)H was also required. Preliminary evidence for the involvement of membranebound ferredoxin:NADP oxidoreductase (FNR) as a third component of desaturation in the dark was obtained by inhibitor studies including antibodies against FNR. Desaturation of lipid-bound 18:1 and 18:2 resembles stearoyl-ACP desaturation with respect to its requirement of reduced ferredoxin and oxygen.
According to presently accepted schemes, photosynthetically active cells express different sets of several desaturases in two different compartments, i.e. in plastids and ER membranes (23) . In the stroma of plastids stearoyl-ACP desaturase (18) introduces the first cisdouble bond into an octadecanoyl (18:0) thioester, whereas the subsequent desaturation occurs after incorporation of the resulting oleoyl (18:1) residues as oxygen esters into membrane lipids (23) . The sequential introduction of two additional cis-double bonds leads to lipid-bound linoleic (18:2) and linolenic acid (18:3) . In similar reactions, palmitoyl (16:0) rated to trans-3-hexadecenoic or hexadecatrienoic acid (16:3) residues in PG2 or MGD, respectively (1, 11, 22, 23) .
On the other hand, part of the 18:1 formed in the stroma is exported into the ER (23) , where it is desaturated after incorporation into PC to 18:2 and 18:3 residues.
Although not yet completely established, the components involved suggest the operation of a sequence known from yeast ER, where reducing equivalents from NADH flow via a flavoprotein through Cyt b5 to the desaturase for the concomitant reduction of oxygen to water (28) . A major difference between animal and plant systems is the fact that plants can desaturate oxygen-linked acyl groups in lipids, whereas animals use thioester-linked acyl groups of CoA (20) .
A closer biochemical characterization of desaturation in plastids is limited to the 18:0-ACP desaturase (18) , which is a soluble enzyme. It has been purified and shown to require in addition to its acyl thioester substrate reduced ferredoxin and oxygen. The subsequent desaturation reactions could not be studied in detail because experimentation was confined to an organellar level due to the fact that desaturase activity was lost upon osmotic shock or osmotic swelling of chloroplasts (1) . On the other hand, in one report the desaturation of 18:2-CoA to 18:3-CoA by pea thylakoids has been described (9) . In intact organelles the acyl groups of MGD, added exogenously (135 19, 29) or formed in situ (1, 11, 22) , proved to be the best substrates for desaturation. This reaction is oxygen dependent and proceeds at comparable rates in light and dark. Inhibitor studies pointed to the involvement of an FNR-like activity, whereas other membrane-bound components of the photosynthetic electron transport chain were apparently not involved (2) . In continuation of our efforts in this field we succeeded in preparing a membrane fraction from chloroplasts which could be recon2Abbreviations: PG Representative experimental rates are given for (a) intact chloroplasts after acetate labeling (from Andrews et aL. [2] ; see also General Methods Extraction of lipids, separation of individual components, preparation of methyl esters and their separation by radio-HPLC followed the details described before (1) . Desaturation products formed from single 1-'4C-labeled fatty acids were analyzed isocratically with acetonitrile:methanol:water 90:10:5 (v/v). This reduced the time required for analysis because samples could be injected every 10 min. Methods for the analysis of the positional distribution of fatty acids in lipids using Rhizopus lipase for hydrogenation of fatty acid methyl esters with Pd/C as catalyst, for assays of UDPgalactose:diacylglycerol galactosyltransferase, and for Chl determination in 80% acetone have been referenced in previous publications (1, 2, 1 1). Glyceraldehyde 3-phosphate dehydrogenase was measured photometrically at 366 nm by following the oxidation of NADPH (10) . Diaphorase activity of FNR (31) (25) . Acyl-ACP:sn-glycerol-3-phosphate acyltransferase with a specific activity of 3.2 Mmol/min/mg was a gift from Dr. M. Frentzen. FNR-antisera were provided by Dr. F. P. Wolter and Dr. A. Radunz (24) . The antibody fraction was separated by ion exchange chromatography on Q-sepharose FF in 50 mm Tris/HCl (pH 8.0), desalted on sephadex G25 in NH4HCO3, lyophilized, and dissolved in resuspension buffer at a concentration of 10 mg of protein/mL. UDPsulfoquinovose was available from a recent synthesis (12) .
Acetate Labeling Followed by Chloroplast Rupture
Incubation of intact chloroplasts (aliquots of 500 ,ug of Chl) with 1 palmitic acid together with an equimolar quantity of unlabeled oleoylCoA (a), [ 16 ,ug of Chl.
Incubation of the Membrane Fraction with Free Fatty Acids
Fifty microliters of the membrane fraction recovered from the sorbitol gradient were mixed with 10 ,L of resuspension buffer containing 7.5 mM CHAPS, 150 mM KCl, and 0.1 ,uCi of I-'4C-fatty acid. After vortexing the other cofactors (see above) including unlabeled 1 6:0-CoA were added as a mixture in a total volume of 30 ,L. The subsequent incubation and analysis was carried out as described above with isocratic separation of methyl esters.
RESULTS AND DISCUSSION
For a more detailed analysis of fatty acid desaturation by chloroplasts it was necessary to retain or restore desaturase activity after disruption ofintact organelles. This was achieved by addition of hypertonic detergent solution to a concentrated, isotonic suspension of vigorously vortexed chloroplasts. Figure 1 shows the results from such an experiment. Pulse-labeling ofchloroplasts with ['4C]acetate in the presence of sn-glycerol-3-phosphate and UDP-galactose resulted in labeled MGD as the major product which contained mainly 18:1 and 16:0 as observed before (1, 2, 11, 22, 29) . After 90 min chase in the dark, this pattern has changed toward a higher degree of unsaturation with dominating 16:3 and 18:3. Also, in ruptured chloroplasts, reduced but significant desaturation has occurred (see also (Fig. 2c) . Hydrogenation of these mixtures followed by radio-HPLC resulted in only one radioactive peak with the retention time of methyl stearate. Even 16:0 was used by the desaturase systems, but definitely to the lowest extent. The pattern shown in Figure 2a indicates that the first step of this sequence, i.e. desaturation of 16:0 to 16:1, may be rate-limiting. This resembles fatty acid labeling of procaryotic MGD in spinach leaves, which contained 18:1, 18:2, and 18:3 at the sn-l position, whereas 16:0 at the sn-2 position was not desaturated ( 15) . In previous studies with intact organelles, desaturation of newly formed acyl groups was not only observed in MGD but also in SQD (1, 14) , PG (1, 21, 26) , and PC (13) . With ruptured chloroplasts we also detected desaturation in lipids other than MGD. Replacement of UDP-galactose by UDP- sulfoquinovose resulted in labeling of SQD (12) which also in this lipid was desaturated to 18:2 (Fig. 3b) . But in contrast to MGD (Fig. 3a) , further desaturation to 18:3 was severely reduced. A positional analysis of MGD and SQD showed that labeled C 18 fatty acids were restricted to the sn-1 position, whereas 16 :0 was concentrated in the sn-2 position (data not presented, since the final HPLC tracings were very similar to those shown in Figs. 2 and 3 ). In addition, PC was also labeled after incubations with ['4C] 18:1, apparently by an acyl exchange via acyl-CoA as observed before (4) . The proportion of labeled 18:2 in PC (Fig. 3c) was only slightly higher than that found in free fatty acids (data not shown) which may indicate that PC is not readily accepted as desaturase substrate under our experimental conditions. These results support, but do not prove the conclusions drawn from experiments with desaturase mutants from Arabidopsis (6) . They suggested that in chloroplasts only two different desaturases are responsible for desaturation of cis-monoenoic and dienoic acyl groups with 16 and 18 carbon atoms esterified in sn-l as well as sn-2 positions of different lipids. These desaturases measure their point of attack from the methyl end of the carbon chain and their activity is only slightly influenced by the distance or the status of the carboxyl group.
For experiments on the participation of additional components, such as those involved in 18:0-ACP desaturation (18) , an active fraction was required from which soluble stroma components had been removed. Since we anticipated that the desaturase activity was membrane-bound (9) and since formation ofMGD depends on the presence ofenvelope membranes (7), we fractionated the detergent-ruptured chloroplasts on a discontinuous sorbitol density gradient. The sorbitol concentrations were selected in such a way that the first interface collected the majority of envelope membranes as indicated by the high UDP-galactose:diacylglycerol galactosyltransferase activity (7) in this fraction. In contrast to the conventional preparation of envelope membranes after osmotic shock of chloroplasts in the absence of detergents (7) (Fig. 5) . NADPH was about ten times as effective as NADH in stimulating desaturation in the dark, but even at 3 mm no saturation kinetics were observed (Fig. 6 ). The reaction catalysed by FNR, i.e. ferredoxin:NADP oxidoreduction, is readily reversible (31) . Therefore, this enzyme was a possible candidate for the reduction of ferredoxin in the dark. As mentioned above, our membrane fraction contained high FNR activity. This activity, when measured photometrically as diaphorase, was inhibited to 80% by the NADP competitor PADR (3), and a similar inhibition (76%) of desaturation was observed by including this compound in the desaturase assay.
The inhibitor concentration of 5 mm required in these experiments was rather high and may interfere at other points. Therefore, we used the purified immunoglobulin fraction of an FNR antiserum (24) as a more specific inhibitor. Control experiments showed that the FNR activity in our membrane fraction could be inhibited efficiently though not completely (61-78%), when the antibody was preincubated for 5 min with photometric diaphorase assays. A similarly strong inhibition (50-80%) was observed by inclusion of the FNR antibody in the desaturase assay (Fig. 7c) , whereas the control antibodies showed only minor effects in both assays; in Figure  7b , even a small stimulation of desaturation was observed. The fact that the inhibition by the FNR antibody was not complete may be ascribed to the relatively low amount of specific antibody which we could include in our assays without losing too much activity by simple dilution as observed in the corresponding controls. The antibody experiments confirm that in the dark ferredoxin can be reduced by NADPH via FNR, and may be regarded as preliminary evidence for a participation of FNR in the desaturation of acyl groups in the dark. In vivo NADPH is immediately formed in the chloroplast stroma on darkening, since the dark-activated glucose-6-phosphate dehydrogenase triggers the oxidative pentose phosphate cycle (30) . This would be in line with the observation that lipid desaturation in chloroplasts proceeds at similar rates in light and dark (1, 2, 11, 22) .
The desaturation sequence established so far is outlined in Figure 8 . The dashed line between ferredoxin and the desaturase(s) indicates that we do not know, whether additional electron carriers participate between these two components. The soluble 18:0-ACP desaturase (18) in the plastid stroma and the soluble long chain acyl-CoA desaturase of Mycobacterium (16) both accept electrons directly from reduced ferredoxin. In view of the results described above, it is tempting to assume that the same applies to desaturation of lipid-linked acyl groups in chloroplasts. In this context we would like to mention that blue-green algae (17, 27) apparently do not possess the 18:0-ACP desaturase. Instead, they introduce all double bonds, including the first one in 18:0-groups, into lipid-linked ester residues. Therefore, desaturation of ACPlinked thioesters and lipid-linked oxygen esters may be catalysed by enzymes using the same kind of cofactors and differing not so much in reaction mechanism but mainly in an evolutionary changing subcellular or suborganellar location depending on whether their acyl substrates are soluble thioesters or membrane-bound lipids.
